Abstract-The single-phase capacitor-run induction motor is generally used for fractional power in applications where the price is an important criterion. In order to save costs, one tries to estimate the speed on the basis of voltage and current measurements, and thus avoid a speed sensor. The techniques used are very varied. In the last few years, they have included numerous patents and often the use of microcontrollers. First of all, this paper shows the analytical characteristics of the induction motor with its capacitor. It explains the different possible methods to assess the speed. Then, the paper suggests a realization using one of these methods on a motor of a rolling shutter. The setup tested implements a microcontroller that cuts off the supply as soon as an abnormal reduction in speed is observed on a basis of a voltage measurement. This paper details the implementation on the industrial application.
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I. INTRODUCTION
C APACITOR-RUN single-phase induction machines (SPIMs) are very widespread in the applications supplied by the electric network at low cost: pumps, fans, lawn mowers, home automation, etc. In this frame, it often appears to be necessary to know the speed from electric measurements. The objectives are as follows.
1) Command objectives like the starting capacitor command [1] or vector controls [2] . 2) Safety objectives like operating at excessive load, jamming or blockage. For instance, on rolling shutters, the arrival of the shutter at the buffer stop results in a drop in motor speed. The most precise method to know the speed of an induction motor consists in constructing a speed observer in transient state [3] , [4] . This requires heavy calculation means as well as measurements of the two voltages and currents.
For compactness and low-cost requirements, such observers can be expensive. The command circuit must need few electric sensors and small processing means. The solution is to research into the parameters that vary with the speed.
For these low-cost applications, there are different methods to estimate the speed. All are based on the behavior of SPIM in steady-state operation. Occasionally mentioned in patents, these methods are not yet theoretically justified and methodically compared. This paper suggests such an analysis. SPIM operates with an unbalanced power supply, so the analysis is based on the forward and backward components. The method is classically used with SPIM, as well in previous books [5] or papers [6] - [9] , as in more recent papers [10] , [11] .
The present study uses the terms of the impedance matrix and leads to the drawing of various characteristics representative of speed in steady state. These characteristics allow to define the criteria for choosing between the methods described in the patents [12] - [16] . A strategy is suggested to detect the slowing down of the motor with few mathematical operations. This strategy is carried out with the early detection of the arrival of a rolling shutter at the buffer stop.
II. MODELING AND CHARACTERISTICS
The two windings of the motor (subscript "1" and "2") and the capacitor C are often supplied from the mains with a circuit comprising two switches Sw1 and Sw2 (see Fig. 1 ). When the motor is symmetrical and if necessary, closing one or the other of the two switches regulates the rotational direction.
The voltages and currents of the stator are recorded with the indices 1 and 2, and their forward and backward components with the exponents + and −.
The modeling considers that the two windings are identical (two-phase symmetrical induction machine) and does not take the iron losses into consideration. In these conditions, SPIM may be represented by only two inductances, L S and N , and two resistances, R S and R R . Equivalent dipoles, for forward and backward components, are those of Fig. 2(a) and (b) [5] .
The primitive dipoles with three inductances are used in [6] - [11] , two for leakages and one for magnetizing, and in parallel with the magnetizing inductance, a third resistance represents the iron losses. Such accuracy is not necessary in low-cost speed sensor applications.
Generally, the most relevant parameter of the induction motor is the ratio (R R /N ω) between the rotor resistance (R R ) and the total leakage impedance (Nω), with ω being the pulsation of the stator currents equal to the synchronism speed in the case of a single pair of poles.
In well-balanced steady-state operation, (R R /N ω) determines the shape of the torque curve Γ(ω R ), ω R being the rotor speed. For (R R /N ω) < 1, Γ(ω R ) features a maximum for ω R < ω. On the contrary, when (R R /N ω) > 1, Γ(ω R ) decreases uniformly when ω R increases from 0 to ω. The motors with a rated power of more than 1 kW, with high efficiency, are rather of the first type, with low R R . The motors with a rated power of less than 1 kW for automatic control systems are often of the second type.
In unbalanced operation with a running capacitor, the value of (R R /N ω) also influences the choice of the parameters to be used to estimate ω R as finely as possible. The study draws the main tendencies of the phenomenon, and justifies the different methods to estimate ω R , adopted in industrial realizations [13] - [17] . The method also depends on the structure of the command device. For example, the switches Sw1 and Sw2 that regulate the rotational direction in Fig. 1 can be placed at the bottom on the neutral side as well (point O). This configuration influences the choice of the method to estimate the rotor speed ω R .
A. Forward and Backward Components
Calculations are turned to express the voltages and currents of the two windings, 1 and 2, according to the rotor speed ω R . Conversely, ω R can be estimated from voltages and/or currents measurements. The system (1, 2) is broken up into its forward and backward symmetrical components (+, −) with the complex representation [5] . The norm of the numbers represents the amplitude of the figures and not their rms value. The equations for the currents are
and the same for the voltages. The direct impedance Z + and the inverse impedance Z − can be expressed depending on the two L S and N inductances and the two R S and R R resistances. The expressions are given by the equivalent dipoles of Fig. 2(a) and 2(b) [5] , in which the slip
is a function of the pulsation ω of the stator currents and the rotor speed ω R
and
The motor impedance matrix is
with
. If the phase 2 is supplied by the mains, in parallel with the phase 1 connected in series with the capacitor C, this gives
where
The preceding equations result in some "specific ratios" that facilitate characterizing the operational points
where I = I 1 + I 2 is the total current absorbed by the motor. The mean power P R absorbed at the rotor includes Joule effect losses and mechanical power. P R is a function of the currents I 1 , I 2 , I
+ , I − , and the voltages V at the terminal of L S inductances (see Fig. 2 ).
1) There are two V voltages for the real motor:
2) There are two V voltages for the equivalent dipole of Fig. 2 :
Re indicates "real part" and * indicates "conjugate." The torque is the difference between its forward and backward components
In other words, by introducing the rms value V 2rms of the ac power voltage V 2 (t)
This expression for T slightly differs from [9] and [10] , but it can easily be shown that, with no stator leakage inductance and no difference between the windings 1 and 2, the expressions are similar.
Some remarks about the power transfer and the mathematical transformations are as follows.
1) In (1) and (2) 
only separate the forward and backward components on condition that I 1 and I 2 are expressed with the complex representation.
2) The transformations P and P * are such as
) and a factor 1/2 in (12). Another transformation
may be used. It is such as
and then the factors 2 and 1/2 disappear in complex power expressions.
B. Voltage and Current Curves for a Rolling Shutter Motor
Although the rolling shutter SPIM is geometrically and magnetically balanced, its identification from four parameters is not obvious. First of all, a fifth parameter is theoretically necessary to represent the iron losses. Then, the parameters, specifically the stator resistance, depend on the temperature. The identification is nevertheless possible from experimental current and voltage measurements. It is made in order to maximize the conformity between measures and calculated data, from zero speed to synchronism at every temperature. This gives the results of Table I. A dc measurement of the stator resistance gives a value 250 Ω quite less than R S in Table I . This underlines the sig- nificance of the iron losses and shows the limit of an identification from four parameters. We have, however, adopted this four-parameter model as it is practically analytical and makes it easier to represent in a sufficiently accurate manner the various operational regimes.
The analytical model is used to calculate the curves of Fig. 3 . The four parameters are those of the first line of Table I , at θ = 25
• C, and the capacitor is C = 4 µF. Fig. 3 (a) and 3(b) confirms the variations, depending on the operating point, of several "specific complex numbers" (7)- (11), shown in the preceding paragraph. Fig. 3(a) gives their arguments and Fig. 3(b) their amplitude. The relative speed x = ω R /ω = 1 − s is shown on the X-axis. These analytical results turn out to be very close to the measurements. Indeed, even if the model is not exactly realistic, the parameters are identified for their concordance.
The torque T (x) shows a maximum for x = 0.2 [see Fig 3(a) ]. This comes from the unbalanced regime. On the contrary, with a balanced power supply, the ratio (R R /N ω) = 21 is fairly high to eliminate any maximum in the torque curve T (x) (as mentioned in Section II).
With C = 4 µF, no speed meets the ideal condition that eliminates the backward component and leads to a global power factor equal to 1. This ideal regime is designated by
and corresponds to the Fresnel diagram in Fig. 4 without backward component. However, another capacitance C 1 may give this ideal regime for a specific speed x 1 and a specific torque value. The values of C 1 and x 1 are C 1 = 3.72 µF and x 1 = 0.65. Given this operating condition, Fig. 3 presents a quite different shape.
In Fig. 3(a) , the group of points around B and C, inside the circle, joins together. This unique point, the point A, and the point D are aligned on the same vertical with the characteristics α 1 = 45
• , α 2 = 90 • , and α 3 = 0 • . In Fig. 3(b) , the ordinate of A would be k = 1. The nominal speed of the SPIM of this paper is very close to these ideal operating conditions. The curves Fig. 3 facilitate the estimate of the variations of each value with the speed x. These variations are more often than not monotonic, and each value can be used to assess the relative speed x. Research into the most accurate measure is made easier by plotting the Fresnel diagrams. This is done in the next paragraph.
C. Fresnel Diagrams for Different Motors
In the complex plane, the three voltages V 2 = OA, V 1 = OC, and V C = CA form a triangle OAC that is distorted when the relative speed x varies. Fig. 5 gives the configuration of the voltage triangles obtained for three motors, at two different speeds: x = 0 (notation ) and x = 1 (notation without ). The two other motors of Fig. 5(a) and (c) are close to this one. As explained in Table II , one or two parameters are changed.
The motor of Fig. 5(a) has a lower inductance L S = 1.195 H instead of L S 0 = 1.535 H.
The motor of Fig. 5 (c) has lower stator and rotor resistances: R S = 41 Ω instead of R S 0 = 275 Ω. The assumption is realistic as, for rolling shutter tubular motors, the size is reduced and R S is usually high. Besides, it facilitates the running on locked rotor at nominal voltage.
The motors in Fig. 5(a) and (c) have a specific behavior. The Table II highlights this behavior comparing it to the case of Fig. 5(b) .
For the motor in Fig. 5(a) , the points C, for x = 1, and C , for x = 0, are on the same straight line CA = C A. The two angles
are equal (38 • ), and their measurement does not make it possible to estimate the relative speed x. In fact, during the passage from x = 1 to x = 0, the trajectory of point C deviates a little from the straight line passing through A, but the measurement of x by (CAO) remains not very sensitive.
In the same way for Fig. 5(c) , the two angles for x = 1 and x = 0, (AOC) = arg (V 1 /V 2 )and (AOC ), are equal (98 • ), and the measurement of the relative speed x by (AOC) is not possible. The motor is "low" resistant. Instead, in this case, the angle (AOC) can be useful for determining approximately when the torque is maximal, especially in the management of capacitors in capacitor-start induction motors [1] .
The situation where the two angles (OCA), for x = 1, and (OC A), for x = 0, are equal also exists. It is found, for example, in the case of L S = 1.3 L S 0 , N = 4.17 N 0 , R S = 0.098 R S 0 , and R R = 0.098 R R 0 . One finds OCA = OC A = 36
• . The Fresnel diagram is not shown in Fig. 5 . In this case, the measurement of x by (OCA) is not possible.
In the case of the rolling shutter SPIM of this paper [see Fig. 5(b) ], the angle (CAO) changes from 47
• for x = 1 to 42
• for x = 0. It does not, therefore, vary very much, and its measurement is not advisable for an estimation of x.
The differences of reaction between motors explain the large number of patents lodged on the subject. The discussion is not easy in as much as few details are given on the motors in question. In spite of everything, we can suggest these simple explanations, for example, in the following two patents: Tecumseh makes pumps and cold section refrigerating motors. They suggest measuring the relative x speed on the basis of the angle (CAO). The explanation is that R S is low enough for the measurement to be sensitive [12] . Bubendorf makes "high R S " rolling shutter motors, which avoids the measurement of x by (CAO) and suggests (AOC) [14] .
A third patent, Plumer Company [13] , gives all the possible solutions for the measurement of relative speed x with the phase differences (arguments) of the complex numbers (7)- (11), but it does not confirm how to choose one rather than the other. The company insists rather on the signal processing techniques to estimate the variations of the value measured (sliding derivative).
European patents in [15] and [16] suggest to use the phase between voltages and currents in order to prevent the blockage of SPIM.
In conclusion, with SPIM, there are many relevant measurements of phase or amplitude, of voltages or currents, to detect the speed. Nevertheless, the speed estimation by the voltages is generally preferable for reasons of cost.
III. SLOWING-DOWN CRITERIA

A. Method
The data processing of measurements in rolling shutter motion is complicated due to many reasons.
1) The motor parameters change with the temperature.
2) The running of the slats is very irregular.
3) There are many different kinds of motors and shutters.
Measures have to be compared with thresholds and filtered in order to eliminate doubtful acquisition and noise. There are certainly many suitable signal processing methods for such elimination. The one presented in this paper is not so simple but has the merit of being safe for a wide range of shutters and operating conditions.
The previous study has shown that for rolling shutter SPIM, the speed could be determined on notably the basis of arg (V 1 /V 2 ) or |V 1 /V 2 |, values that are adapted for these values decrease if the speed decreases [see Fig 5(b) ]. Therefore, they are used to detect an excessive decrease in speed and cut off the supply of the motor. In this application, the decrease represents the arrival of the rolling shutter on the buffer stop.
The same signal processing, applied to the two values, leads each time to a stoppage criterion. The stoppage is effective if the two criteria are checked simultaneously. In the case of the rolling shutters, it has appeared that this "AND" function reduced the risk of spurious stoppage.
The criterion used is explained later by showing indifferently by "y" one or other of the two measurements. These measurements are renewed every ∆t = 10 ms, the half-period of the 50 Hz supply. At the instant t i , the measurement y i can be analyzed in several ways. For example, it is possible: 1) to calculate the absolute difference (y i − y 0 ), between y i and a fixed low value y 0 , very much lower than the nominal operational conditions. This technique is not definite as there is a risk of the reaction being too late; 2) to compare the relative difference between two consecutive measurements and a threshold S; in other words, to calculate
Stop the motor when E(i) > 0. This technique is not suitable either as, whatever the value of S, even very low, there is always an insignificant slope
repeated at each t i , so as to always have E(i) < 0. In this way, it is possible to attain 0 speed without cutout. Even more, with a threshold S too small, there is a risk that the system might stop on the noise component.
3) To calculate several values
with j varying from 1 to N . Stop the motor at the first j = J if E(i, J) > 0. The threshold S and the number of times N where E(i, j) is tested at each value of i are predefined. N and S depend on p i . With the rolling shutters, the situation is complicated by the irregularities in speed caused by the unwinding of the slats. The choices of N and S are delicate; they can even require to consider functions N (i) and S(i, j). The third method has been chosen with fixed N = 18 and variable S with j, which is referred to as S(j).
B. Implementation
The measurements, recorded every 10 ms, are very noisy. Fig. 6 gives an example of a typical measure of arg (V 1 /V 2 ) or |V 1 /V 2 |; both are similar, and the scale is arbitrary. The measure, named y, illustrates the signal processing carried out. The latter comprises three stages 1)-3).
1) Reduction in Noise:
The noise reduction has been first realized with filtering techniques, like sliding average over a great number of values of y. It appears that the method involves a long, unacceptable delay, in comparison with the desired reaction time of the system. Then, another method has been adopted. It consists of replacing the noisy y signal by two other signals without noise surrounding y, called EnvMax and EnvMin that are the lower and the upper bound of y.
For that, at each y i , three values are calculated sliding average:
difference:
thickness:
These three values are a function of the evolution of y and the background noise. They are used to calculate the envelopes, EnvMax and EnvMin. The calculation is made on the basis of the following logic. The following study is carried out on the basis of EnvMin i . During a continuous decrease in y, EnvMin i follows Sy i , which itself is very near to y i . Once initialized in the first measurements, the thickness Ey i hardly changes at all in practice in such a way that the system operates as a hysteresis follower with two outputs, one being the limit inferior and the other the limit superior of y. When the instantaneous variation of y exceeds Ey i , EnvMin updates this variation with the smallest possible delay (10 ms).
2) Buffering and Detection: The reduction in speed is studied from N successive measurements of y stored in the form of
with α i = 1 if y decreases, i.e., if (Sy i < EnvMin i−1 ), and α i = 0 in the opposite case. This arrangement means taking into account only the decreasing measurements of y i . This has turned out to be beneficial in the case of rolling shutters to reduce calculation time and eliminate the irregularities of speed.
After each EnvMin i storage, N comparisons of αEnvMin to N different thresholds S(j) are made.
The motor is stopped if the following condition is verified:
The comparison is not made if (α i−j EnvMin i−j = 0). Fig. 7 indicates the process. At the top, the storage memory is presented with only 13 of the 18 cells.
Later, the 13 corresponding thresholds are given that represent the maximum differences of speed permitted. The differences (α i−j EnvMin i−j − EnvMin i ) = (α i−j EnvMin i−j − 1039) between the two are indicated each time they are calculated. The first time the difference equals 12, the threshold 13, and move on to the second calculation. At the fourth calculation, the difference 24 is higher than the threshold 20, the process is stopped, and the motor turned off. The lower part of the figure shows the preceding calculations and the profile of the thresholds adopted.
3) Controller of Thresholds: When the speed includes a lowfrequency component associated with a load irregularity, it is advisable to adapt the series of thresholds S(j). The procedure can be made automatically due to a threshold controller that analyzes the speed variations, and decides consequently, to load a set of precalculated N thresholds rather than another.
In the case of rolling shutters, we adopted M = 4 sets of N = 18 thresholds. Every 360 ms, the series of N EnvMin i is analyzed and the set of N thresholds is changed if necessary.
The efficiency of the slowing-down detection algorithm strongly depends on the threshold values. These are determined on the basis of a statistical study of about a thousand measurements, performed on many rolling shutters in operation, with different motors of the same family, at different temperatures. The N × M thresholds are calculated with a reciprocal algorithm so that they encompass all the configurations of tested rolling shutters, motors, and temperatures, without adjustment or reprogramming of the command board.
IV. EXPERIMENTAL VALIDATION ON A ROLLING SHUTTER
A. Equipment
The previous study is implemented in practice to detect the arrival of a rolling shutter on the buffer stop, without the sensor. The experimental bench is made up of an SPIM motor supplied by the ac power with an inversion device for the rotational direction (see Fig. 1 ). The drive board shown in Fig. 8 is made around an 8-bit microcontroller Microchip PIC16F876. It decodes and interprets the user orders sent by the radio. Two circuits convert and filter the voltages V 1 and V 2 to 0-5 V compatible levels. They are connected to the analog-to-digital (ADC) inputs and the two programmable capture inputs of the microcontroller. This gives access to the phase difference between V 1 and V 2 and their amplitudes. 
B. Results
In order to validate the slowdown detection method (SDM), thousands of tests have been achieved on various configurations of loads, motors, and temperatures. Each time, the stoppage successfully happens, approximately 40-90 ms after the beginning of the slowdown. When the shutter reaches the buffer stop, the reaction torque on the motor strongly increases. Due to the celerity of the SDM, this torque is kept lower than its nominal value (about 0.1 N·m). Without SDM, it would reach the maximum (0.2 N·m). Experimentally, this result is satisfactory. The shutter is clamped on the buffer stop without mechanical distortion or audible grating.
A test without SDM is given Fig. 9 and Table III . It allows to study the whole slowing-down process and measure the efficiency of an eventual SDM. The speed, the phase difference arg (V 1 /V 2 ), and the amplitude of V 1 are recorded at the time of a forced stoppage. The rotor speed is measured by an incremental encoder giving one pulse per revolution. The slowing down starts a little after t 1 = 25.1 s. The last speed measured N 2 is at t 2 = 25.4 s-beyond this, accuracy is no longer ensured. Fig. 9 and Table III clearly illustrate that the phase difference and the norm of V 1 have the same characteristics as that of the speed, with a measurement delay of 10-30 ms. The theoretical results of Section II are confirmed. On the recording, we can see that SDM, with the most sensitive of the four thresholds series, would stop the motor in t S = 25 290 ms, e.g., 60 ms after the beginning of the slowing down.
When the temperature increases, the curves arg (V 1 /V 2 ) and |V 1 /V 2 | are slightly shifted down, but as the algorithm makes comparisons between values, this turns out to have no effect on the criteria.
V. CONCLUSION
This paper shows a system for assessing the speed and detecting the slowing down applied to the single-phase induction motor with a running capacitor. The appraisal of the speed reposes on the measurement of the voltages. The disposition is researched in numerous industrial scenarios to save on the speed sensor. The study starts by an analytic modeling of the evolution in the voltages and currents with the speed. It then appears that the speed can be estimated on the basis of voltages and currents of the stator or the capacitor. The value used is determined from the parameters of the motor.
The implementation is not simple, since the values measured are disturbed by noise. This paper suggests an original and systematic method for reducing the impact of noise. It shows an algorithm that responds straight away to an excessive slowing down while remaining resistant to the electrical parasites and the irregularities of speed imposed by the load. Generally speaking, the thresholds and the background history of the N dimensions are adjusted according to the load profile, which makes the algorithm suitably adaptable to any type of application. The method is applied in this case to a rolling shutter motor, the objective being an end-of-travel stop. The objective has been reached with an assembly using a microcontroller, and the measurement results are shown with related comments.
